The sensitivity of insect nervous systems to anoxia can be modulated genetically and 20 pharmacologically but the cellular mechanisms responsible are poorly understood. We examined 21 the effect of a heat shock pretreatment (HS) on the sensitivity of the locust (Locusta migratoria) 22 nervous system to anoxia induced by water immersion. Prior HS made locusts more resistant to 23 anoxia by increasing the time taken to enter a coma and by reducing the time taken to recover the 24 ability to stand. Anoxic comas were accompanied by surges of extracellular potassium ions 25 ([K + ] o ) in the neuropile of the metathoracic ganglion and HS reduced the time taken for clearance 26 of excess [K + ] o . This could not be attributed to a decrease in the activity of protein kinase G, 27
INTRODUCTION
PKG enzyme activity assays were performed on meso-and metathoracic ganglia using The specific PKG activity was expressed as pmol of 32 P incorporated into the PKG 179 substrate/min/mg of protein. to give a value for activity of only Na + /K + ATPase. This value was normalized to total protein 195 within the sample, which was measured from each homogenate using a standard protocol based 196 on the Bradford method (8). 197 198 Western blotting for Na + /K + ATPase: 199 The α5 antibody, specific for the alpha subunit of Na + /K + ATPase, and AA4.3 antibody, 200 specific to alpha tubulin, were obtained from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA, USA). Metathoracic ganglia from 6 animals (either heat 202 shocked or control) were pooled in 100μl ice cold SEI buffer (0.3M sucrose; 0.02M EDTA; 203 0.1M imidizole pH 7.3) containing protease inhibitors, sonicated and centrifuged (2000 G) for 5 204 minutes at 4°C. Supernatants were retained and quantified using the Biorad protein assay. 6μg 205 of protein was separated using SDS PAGE electrophoresis and transferred to Immobilon PVDF 206 membrane (EMD Millipore, Billercia MA) according to the manufacturer's instructions. The 207 membrane was incubated with anti-Na + /K + ATPase at 1:1000 for 12 hours and anti-alpha tubulin 208 at 1:1000 for 1 hour followed by 1 hour in HRP-conjugated goat anti-mouse at 1:1000. The
209
Western blot was scanned and quantified using Image Pro Plus (Media cybernetics Inc.,
210
Rockville MD).
212
Immunohistochemistry: 213 Metathoracic ganglia were dissected from 9 control and 9 HS locusts and fixed in 4% 214 formaldehyde at room temperature for 24 to 48 hours. After fixation ganglia were dehydrated in 215 an alcohol series ending with two 30 min washes of 100% ethanol. Ganglia were incubated in 216 two 30 min washes of 100% xylene and transferred to Paraffin wax (Sigma-Aldrich®) at 60 o C.
217
A Leica Reichert-Jung 820-II Histocut Microtome was used to section metathoracic 218 ganglia in wax blocks into 4 µm thick slices. Sections were expanded by floating on distilled 219 water at ~58 o C on a slide warmer and mounted onto poly-L-lysine slides (Sigma-Aldrich®).
220
Mounted slides were air dried at room temperature for 30 minutes and oven-dried in a 45 o C 221 incubation chamber overnight.
222
Before immunohistochemistry, the mounted slides were deparaffined by soaking in sequentially in 100%, 95%, 80% and 50% ethanol for 10 minutes each at room temperature. The 225 slides were rinsed in distilled water followed by Tris-Buffered-Saline-Triton® X-100 (TBST) 226 buffer (20mM Tris, 137mM NaCl, 0.10% Triton® X-100, pH 7.5) for 5 minutes each. To 227 unmask the antigen, the Na + /K + -ATPase, the slides were washed at 95 o C for 30 minutes in a 228 Tris-EDTA-Triton® X-100 buffer bath (10mM Tris, 1mM EDTA, 0.05% Triton® X-100, 229 pH9.0), promoting the antigen-antibody binding ability. Finally, the slides were rinsed three 230 times using TBST buffer for 5 minutes each, and then background blocked in 5% normal goat 231 serum (NGS) (Sigma-Aldrich®), diluted using the TBST buffer, for an hour at room 232 temperature.
233
The Na + /K + -ATPase was tagged by incubating the slides with a primary mouse The first abdominal movements could be small and difficult to detect, however recovery of the 289 ability to stand was abrupt as locusts righted themselves and adopted a stable stance within one 290 or two seconds.
291
Male locusts entered coma earlier than females (male: 1.7 min; female: 3.7 min; reported 292 here and below as medians of 10 males and 10 females in each of the control and HS conditions, 
298
For statistical comparisons Two-way ANOVAs were performed on log 10 transformed 299 data. For time to succumb there were strong effects of sex (P<0.001) and HS treatment 300 (P<0.001) with a significant interaction between these variables (P=0.008). Subsequent pairwise 301 Holm-Sidak comparisons showed that sex had a significant effect on time to succumb in both 302 control and HS conditions but that HS had a significant effect in males but not in females. For time to ventilate there were strong effects of sex (P<0.001) and HS treatment (P<0.001) with no 304 interaction between these variables (P=0.137). For time to stand there was a strong effect of sex 305 (P<0.001) a significant effect of HS treatment (P=0.017) and no interaction between these 306 variables (P=0.739).
307
To reduce variability in the datasets and to enable comparisons with published research 308 primarily on male locusts we focused our subsequent efforts on males only. Closer examination 309 of the data showed that the control and HS groups could be clearly separated by comparing two 310 variables together (Fig. 2) . In both groups there was a negative correlation between the time to 311 succumb and the time to start ventilation ( Fig. 2A; control: r=-0.8, P=0.005; HS: r=-0.7, 312 P=0.014). However, only HS locusts showed a negative correlation between the time to 313 succumb and the time to stand ( Fig. 2B ; control: P=0.5; HS: r=-0.8, P=0.004).
315
Anoxic coma in dissected preparations: 316 Application of sodium azide to a dissected preparation caused a rapid cessation of 317 ventilatory movements of the abdomen coincident with a silencing of rhythmical motor activity 318 recorded electromyographically (see also (46)). Ventilatory motor activity recovered when the 319 preparation was re-perfused with fresh saline. HS pretreatment increased the rate of recovery 320 from azide-induced anoxic coma (control: 15.3 ± 1.1 min, n = 10; HS: 12.1 ± 1.4 min, n = 10; 321 P<0.05, t-test; not shown). 322 We confirmed in a dissected preparation that the anoxic coma induced by immersion 323 generated a similar surge of [K + ] o as has been described for the azide-induced coma in a 324 dissected preparation (46) (Fig. 3A) . To compare effects of drugs and pretreatments on the rate PKG inhibition with KT5823 had the same effect as heat shock on time to recover.
350
Inhibition of PKG activity is also associated with thermotolerance (14). Given that a prominent 351 effect of HS is also thermotolerance we wondered whether the effects of HS could be mediated Na + /K + -ATPase activity, abundance and distribution: 360 We have previously reported that HS had no effect on Na + /K + -ATPase activity in the 361 metathoracic ganglion using small samples (n = 6 control and 6 HS; (46)). We re-examined this 362 with larger sample sizes of 24 in each of the control and HS groups and found that HS did have a 363 mild effect on pump activity, increasing it from a median of 62.2 nmol ATP/min/mg protein to 364 76.2 nmol ATP/min/mg protein ( Fig. 5A ; Mann-Whitney Rank Sum Test, P = 0.001). This 365 increase in activity could not be accounted for by an increase in the abundance of the protein.
366
Densitometry analysis of western blots (Fig. 5B) revealed that there was no difference in amount 367 of Na + /K + -ATPase α subunit label relative to α tubulin label between 3 samples taken from a succumb). It would also increase the mass-specific metabolic rate of the CNS thus creating a 436 greater metabolic disturbance under anoxic conditions (thus increasing the time to start 437 ventilation). There was a correlation between an increased time to succumb and a decreased 438 time to start ventilation in both control and HS locusts. This is consistent with the notion that 439 locusts with a low neural metabolic rate would take longer to exhaust the remaining air supply The HS-induced reduction of the time for whole animals to recover the ability to stand 448 can be interpreted as an improvement of repair processes that would speed the strengthening of 449 neuromuscular function. Locusts express heat shock proteins, such as HSP70 (38), whose 450 expression is notably upregulated in the gregarious phase (5; 52). HS treatment similar to the 451 one we used has no detectable effects on HSP70 expression in thoracic muscles or metathoracic 452 ganglia (17). Nevertheless this leaves a role for HS-induced upregulation of the other HSPs that 453 could protect proteins against stress, or post-translational modifications mediated by a heat-454 induced release of NO (2) and the increased PKG activity that we observed after HS. It is clear 455 however that the more rapid recovery of potassium ion homeostasis induced by PKG inhibition 456 (2) represents a mechanism different from the more rapid recovery of ion homeostasis after HS 457 (46), which we found here to be associated with an increase in PKG activity. The time courses of the two mechanisms are also different with PKG inhibition being fast-acting whereas the 459 effects of HS are seen 4 hours from the start of the treatment. Thus the effect of HS cannot be 460 attributed to a reduction in PKG activity.
461
Previously we have shown that HS has a long-term effect of reducing whole cell K + 462 currents recorded from neuronal somata in slices prepared from the metathoracic ganglion (40) 463 and that this is associated with an increase in action potential duration that is protective at high 464 temperatures (56). The present results show that the reduction of K + currents after HS is 465 accompanied by trafficking of Na + /K + -ATPase to the plasma membrane of neuronal somata.
466
Both of these effects would contribute to protecting ion homeostasis in the nervous system from 
473
Trafficking of Na + /K + -ATPase in and out of cellular plasma membranes is well-described 474 as a means of coping with stress and modulating energy consumption (1; 6; 7; 26). Under 475 different circumstances in a freeze-tolerant insect Na + /K + -ATPase is seasonally suppressed via 476 phosphorylation mediated by kinases including PKG (28). We found that HS induced a mild but 477 significant increase in Na + /K + -ATPase activity in homogenates of metathoracic ganglia.
478
Although the western blots showed no effect of HS on the abundance of Na + /K + -ATPase, the 479 immunocytochemistry showed that HS increased relative fluorescence in the neuronal cytoplasm 
